In recent years, the field of nanobiotechnology has witnessed an increased interest towards the biological effects of nanoparticles and their applications. Recently, the influence of different inorganic nanoparticles on bacterial growth has been documented by researchers worldwide. However, metal nanoparticles have earlier been shown to affect bacterial growth kinetics in both negative as well as positive ways, but the influence has been more profound against the bacterial growth [13] . Silver nanoparticles have shown antibacterial and antiviral properties [15, 16] , whereas cobalt-ferrite nanoparticles have been reported to increase the growth of Escherichia coli and Corynebacterium xerosis [3] . Nanometric silicon particles have also been shown to alter the growth profiles of bacteria [18] . Several inorganic nanoparticles, including silica, silica/iron oxide, and gold, have been documented to exhibit no negative influence on the growth and activity of E. coli [24] .
Among a variety of ferrite-based nanostructures, the superparamagnetic iron oxide nanoparticles (SPION) have recently shown broad applications in several technological fields including permanent magnets, magnetic fluids, magnetic drug delivery, microwave devices, and highdensity information storage. These nanoparticles exhibit magnetic properties that might interact with the electric polarity of the bacteria and influence its growth [3] . Barium titanate is an oxide of barium and titanium, with the chemical formula BaTiO 3 . As a true breakthrough material in the electronic ceramics industry, it has found widespread use in multilayer ceramic capacitors (MLCCs), piezoelectric and ferroelectric components, embedded decoupling capacitors (EDC), PTC thermistors, ceramic filters, etc. Titanium nanoparticles [12] and nanotubes [10] , along with mixed composites like titania-nickel ferrite [19] and titaniasilver [8] have been reported to be antibacterial.
Plastic waste management is the area where this report tends to find a solution. Polyethylene (PE) is a synthetic polymer of high hydrophobic level and high molecular weight. Low-density polyethylene (LDPE) is widely used for manufacturing various containers, dispensing bottles, wash bottles, tubing, plastic bags, and various molded laboratory equipment. It possesses excellent resistance against dilute and concentrated acids, alcohols, bases, and esters, and accumulates at a rate of 25 million tons per year [17] . Being non-biodegradable, their use in the production of disposal or packing materials causes serious environmental problems [9] . To make PE biodegradable requires modifying its crystalline level, molecular weight, and mechanical properties that are responsible for PE resistance towards degradation [1] . This can be achieved by improving the PE hydrophilic level and/or reducing its polymer chain length by oxidation to be accessible for microbial degradation [2] .
In this context, an efficient bacterial consortium capable of LDPE degradation has been reported earlier [21] . This consortium has also been reported to degrade synthetic polymers like epoxy and epoxy silicone blends (ESBs) [14] . Moreover, the participating strains have also been used in combination with other bacteria to degrade highdensity polyethylene (HDPE) [21] , and non-poronized and poronized LDPE [22] . This report deals with the influence of SPION and nanobarium titanate (NBT) nanoparticles upon the biodegradation efficiency of LDPE film.
MATERIALS AND METHODS

LDPE Film
Commercially available branched low-density (0.92 g/cm 3 ) polyethylene film was used in this study. It contained different additives in the form of a Masterbatch (trade name), a mixture that contains corn starch, linear low-density polyethylene (LLDPE), styrenebutadiene copolymer (SBS), and manganese stearate.
Bacterial Cultures
Three potential polymer-degrading bacterial strains, Microbacterium sp. strain MK3, Pseudomonas putida strain MK4, and Bacterium Te68R strain PN12 (accession numbers DQ318884, DQ318885, and DQ423487, respectively), were selected for consortium development and LDPE film biodegradation studies, as standardized earlier [6, 7, 14, 21] . These cultures were originally isolated from artificial soil beds containing polyethylene pieces.
SPION and NBT SPION of size 10.6 nm were synthesized by controlling the concentration of Fe(II) and Fe(III) chloride solutions, followed by coprecipitation with ammonia [25] . The size of the SPION was deduced from the Debye-Scherrer equation through XRD measurement. Briefly, a solution of ferrous chloride with concentration 0.05 g/dl was prepared in double-distilled water under vigorous stirring. To this was added 50 ml of 7.0 M ammonia solution (NH 4 OH) drop-wise at the rate of 0.33 ml/s with continuous stirring at 80±10 o C. At an early stage of the reaction, a brown precipitate was formed that was subsequently dried overnight in air at room temperature to give the desired ferrite phase. NBT of size 38.0 nm was generously provided by the Polymer Division, DRDO, Kanpur, India.
Comparative Growth Profiling
The influence of the supplementation of SPION and NBT on the growth of consortium was monitored in minimal broth Davis without dextrose (HiMedia, India), which was employed for the biodegradation studies. Both these nanoparticles were used at a fixed concentration of 0.01% (w/v) [6, 7, 20] and homogenized by sonication prior to addition into 100 ml of minimal broth in 250-ml Erlenmeyer flasks. Sonication was done at 50-60 Hz with 0.3 s repeating duty cycles, for 2.5 min (LabsonicU, B. Brown, U.S.A.). The flasks were inoculated with 300 µl of active consortium and incubated at 37 o C with continuous shaking at 150 rpm [6, 7] . Samples were collected at regular intervals of 12 h and bacterial growth was determined by taking the OD at 600 nm. In addition, the viable bacterial count (colony forming units per milliliter or CFU/ml) was determined by using the pour-plating method [11] . The generation time (t g ; time required for the bacterial population to double) was also calculated at the respective mid-logarithmic phases [11] .
Furthermore, in order to rule out the influence of merely nutrient fortification, comparative profiling was done by supplementing the same concentration (0.01%) of corresponding two elemental salts in the minimal broth for the respective nanoparticles. ) and inoculated with 300 µl of active consortium. The coupons were surface sterilized with 70% ethanol for 10 min prior to addition. The assay was performed with respective positive (minimal broth+consortia) and negative (minimal broth+LDPE) controls, with and without 0.01% SPION and NBT particles, respectively. The flasks were incubated at 37 o C with continuous shaking (150 rpm). Samples were collected after a regular interval of 24 h and analyzed for OD at 600 nm, λ-max, viability count, and generation time.
Recovery of Degraded Products
After the consortium had attained stationary growth phase, the degraded compound was recovered from the broth by filtration and subsequent evaporation of the filtrate [7, 14, 21, 22] . The residue left after filtration was collected, and centrifugation of the filtrate was done at 2,348 ×g (5,000 rpm) for 15 min to remove bacterial biomass. The supernatant was kept in an oven at 60 o C for overnight to evaporate the water and the residual sample was recovered and analyzed by FTIR and TG-DTG-DTA, using pure LDPE as the control.
Fourier Transform Infrared (FTIR) Spectroscopy
The biodegraded samples obtained from the supernatant after the assay were analyzed by FTIR, and different peaks relative to CH rocking, CH stretching, and C-O bond were compared by taking pure LDPE as a reference. Bending, stretching, and rocking vibrations have been depicted by δ, ν, and ρ, with asymmetrical and symmetrical absorptions represented by subscripts "as" and "s," respectively. The spectra were recorded on a Perkin Elmer FTIR spectrophotometer in KBr.
Simultaneous TG-DTG-DTA Simultaneous thermogravimetric-derivative thermogravimetrydifferential thermal analysis (TG-DTG-DTA) was performed over Scanning Electron Microscopy (SEM) LDPE film samples were removed from the broth after biodegradation and surface sterilized with 70% ethanol for 10 min, before drying in a desiccator for 24 h under vacuum. The samples were metallized with gold particles (3 discharges of 40 mA/50s in argon atmosphere) in a high vacuum metalizator (Bal-Tec SCD 005) and analyzed by scanning electron microscopy (Leo, 435VF, U.K.) at 15.00 kV EHT under three successive magnifications (0.8, 1.5, and 3.0 KX.)
In Situ Biodegradation Assay Taking lead from the enhanced biodegradation of LDPE film in the presence of either of the nanoparticles under in vitro conditions, the relative reproducibility of biodegradation was tested under natural conditions. Top-soil was dug from a barren land at Pantnagar, India and 500 g of it was filled into 600-ml glass beakers (Borosil). Four LDPE film coupons of dimensions 2.54×2.54 cm
) were surface sterilized with 70% ethanol for 10 min. These were placed vertically inside the beakers at a depth of 1 inch below the soil surface and the same distance apart. Two beakers were homogeneously supplemented with 0.01% of each of the nanoparticles (SPION and NBT) separately, and another was kept devoid of nanoparticles. The beakers were inoculated with 150 ml of active consortium and kept at room temperature (28±2 o C). Proper moisture and aeration conditions were maintained by adding 20 ml of autoclaved distilled water and shoveling the soil at regular intervals of 2 weeks. Uninoculated soil with LDPE film coupons was taken as the negative control.
Recovery of Degraded Film and Analysis
LDPE film samples were carefully recovered from the soil in the beakers after a period of 1, 2, and 3 months. The samples were surface sterilized with 70% ethanol for 10 min and analyzed by FTIR, simultaneous TG-DTG-DTA, and SEM, as described earlier.
RESULTS
Bacterial Cultures
Based on earlier studies, bacterial consortia have been found to be more suitable for biodegradation as compared with individual cultures [21, 23] . The presence of more than one bacterium during the assay enhances the biodegradation efficiency by acting upon the different intermediate products formed during the process. Therefore, the selection of a potential microbial consortium was a prerequisite for this study. Hence, a mesophilic consortium specific for the biodegradation of LDPE (5 mg/ml in powdered form) was selected as reported earlier by Kapri et al. [6, 7] .
Comparative Growth Profiling Using SPION and NBT Both the nanoparticles were found to significantly increase the growth of consortium in minimal broth lacking dextrose (Fig. 1) . However, the influence was more pronounced in the case of SPION, whereby the OD value reached more than twice (0.82) as compared with its absence (0.34) after 48 h of incubation. The growth of consortium in the presence of nanoparticles was characterized by a sudden initial increase in OD values due to which the lag-phase was considerably shortened from 24 h in the control to about 8 h. Even the corresponding metal salts employed to check the influence of nutrient fortification were unable to significantly affect the bacterial growth in both the cases. These findings were supported by the viability measurements where the consortium reached optimum values of 256± 2×10 6 and 168±4×10 6 CFU/ml after 72 and 48 h in the presence of SPION and NBT, respectively. Comparatively, the control recorded a maximum count of 123±2×10
6 CFU/ml after 48 h. Furthermore, the generation time of the consortium was shortened to 90 min in both cases as compared with 120 min in the control. 
LDPE Biodegradation Assay Using SPION and NBT
In the absence of nanoparticles, the growth of consortium was not significantly affected by the presence of LDPE ( Fig. 2A) . Further, the λ-max remained constant for 2 days at 209 nm and shifted thereafter to 215.36 nm after 3 days and finally attained a constant value of 224.11 nm after 4 days of incubation. With SPION in the broth, the consortium was able to grow moderately better in the presence of LDPE (Fig. 2B) . Moreover, the λ max also shifted sharply to 222.6 nm after 1 day, finally becoming constant at 225.62 nm after 2 days. With NBT in the medium, a similar growth pattern was observed in the presence of LDPE as in the case of SPION and the growth was moderately better in the presence of LDPE (Fig. 2C) . In this case, the λ-max shifted slightly from 209 nm to 210.55 nm after 1 day, continuing to rise to 218.84 nm and finally 222.82 nm after 2 days and 3 days, respectively.
The viable count of the consortium was more or less constant throughout the control assay (absence of nanoparticles) with a maximum value of 117×10
6 CFU/ml after 3 days. In the presence of SPION in the assay, the counts were significantly increased within 1 day of incubation, reaching a maximum value of 192×10
6 CFU/ml after 3 days. With NBT, a similar response was seen, with a maximum value of 157×10
6 CFU/ml within 2 days of incubation. The generation time was found to be considerably decreased by 30 min in the presence of either of the nanoparticles. (Fig. 3) . In the absence of nanoparticles, the degraded samples had reported significant shifts in CH/ CH 2 stretching, bending, and deformation. In addition to this, complete disappearance of CH 2 rocking and asymmetrical stretching, along with a change in the fingerprint region of the IR spectrum between 1,300 cm -1 and 950 cm -1
, was observed. Furthermore, introduction of ν C-O frequencies (1,086.1) was also observed, signifying substitution of hydroxyl groups into the polymer backbone.
In the presence of either of the nanoparticles (viz., SPION/NBT), the biodegraded LDPE samples also showed significant shifts in various absorptions corresponding to CH/CH 2 groups along with overall spectral changes in the fingerprint IR region. Moreover, introduction of well- ). These observations suggest that the consortium has significantly affected the carbon chain of polyethylene and induced bioactive hydrolysis, irrespective of the presence of nanoparticles.
Simultaneous TG-DTG-DTA (In Vitro)
In thermogravimetry, the thermal decomposition is expressed as weight loss taking place at various temperatures. Decomposition of pure LDPE film was observed in onestep with a steep weight loss in the temperature ranging from 425 to 475 o C (Fig. 4A) (Table 1) . However, prior to the steep weight loss, LDPE had shown a DTA endotherm at 108 o C (8.9 µV) with heat of decomposition (∆H)=70.1 mJ/mg, which might be due to the collective loss of binders and moisture in the sample.
LDPE film degraded by the consortium in the absence of nanoparticles showed three-step decomposition. The first-step decomposition was observed at 53 (Table 1) .
Scanning Electron Microscopy (In Vitro) LDPE film degraded under in vitro conditions in minimal broth Davis without dextrose was analyzed for surface modifications by scanning electron microscopy (SEM) at three different magnifications (viz., 0.8 KX, 1.5 KX, and 3.0 KX). Untreated LDPE (control) illustrated a smooth surface morphology at all magnifications (Fig. 5) . LDPE film degraded in the absence of nanoparticles demonstrated several non-uniformly scattered whitened areas at 0.8 KX magnification (SEM micrographs not shown). Upon further increasing the magnification, these were found to be wellresolved worn-out areas with randomly distributed cracks and fissures. With the addition of nanoparticles, the occurrence of fissures on the LDPE surface was found to increase by the action of the consortium. Furthermore, the disruption of surface texture was more pronounced and effective in the presence of NBT as compared with SPION.
In Situ Biodegradation Assay
Testing the effectiveness of nanoparticles in improving the biodegradation efficiency of the consortium under soil microenvironment is necessary for on-site applicability in the treatment of plastic waste. Therefore, LDPE film samples collected after regular intervals of 1 month from the soil were analyzed for degradation. The FTIR spectra illustrated that biodegradation was inflicted in the film samples within 1 month of incubation in soil, irrespective of the presence of nanoparticles (spectra not shown). However, no significant changes were observed in the FTIR spectra of the film samples with further incubation. Significant shifts in CH/CH 2 stretching, deformation, and complete disappearance of CH 2 bending (both asymmetrical and symmetrical) along with a change in fingerprint region of the IR spectrum between 1,300 cm ) was observed as a result of inclusion of O atoms into the hydrocarbon polymer backbone.
Surprisingly, when the samples were analyzed by simultaneous TG-DTG-DTA, the single-step decompositions were reiterated in all the cases, as observed in the case of pure LDPE film (thermograms not shown). Furthermore, the decomposition range as well as the DTG-DTA profiles showed no significant variations in all the biodegraded samples, irrespective of the incubation period or the presence of nanoparticles. These findings were in sharp contrast to the in vitro biodegradation assays.
Unlike the results obtained by FTIR and thermal analysis, the SEM micrographs depicted continuous morphological changes on the surface with respect to time in all the treatments (Fig. 6) . Conversely, the control showed a smooth texture throughout the incubation period of 3 months. Whereas in the absence of nanoparticles, SEM of the LDPE-film (5.0 KX) revealed more or less smooth surface morphology after a 1 month period, cracks and fissures appeared after 2 months that further increased in the following month. With the addition of 0.01% nanoparticles into the soil, a well-resolved surface dissolution was illustrated at 3.0 KX magnification (data not shown for lesser magnifications) after 1 month of incubation, which was obscure in their absence (even at 5.0 KX magnification). With incubation for another month, fissures widened and also increased in their frequency of occurrence along the surface of the LDPE film. When the film samples were finally extracted from soil after 3 months, a relatively similar mass dissolution of the surface was observed in the case of both the nanoparticle treatments, as observed by a significantly high number of whitened areas. The cracks appeared to deepen, leading to the formation of cavities with numerous white globular areas suggesting considerable degradation as a result of penetration of the consortium into the LDPE film. From the above observations, it was concluded that the presence of nanoparticles enhanced the biodegradation of LDPE film in the soil system in terms of its rapidity and magnitude.
DISCUSSION
It is widely accepted that adaptation plays a major role in determining biodegradation rates [19] . Keeping this in view, a consortium was developed from indigenous microflora enriched under artificial soil conditions with polyethylene (LDPE) pieces [21] . The individual isolates of this consortium have earlier been reported to degrade a variety of polymers like LDPE (non-poronized and poronized), HDPE, epoxy, and epoxy silicone blends as components of different consortia [6, 7, 14, 21, 22] .
The present investigation was guided by our earlier report, where 0.01% concentration of NBT particles (38.0 nm) was able to enhance in vitro biodegradation of powdered LDPE [7] . The study revealed a multiple-step decomposition of LDPE degraded in the presence of nanoparticles, along with inclusion of hydroxyl residues into the hydrocarbon chain. Our earlier biodegradation reports employed the usage of various polymers in their powdered form as it would increase the surface area and hence polymer-bacteria interaction.
The growth-profiling experiments revealed the dramatic impact of SPION and NBT particles upon increasing the consortial growth. A considerable shortening of the lagphases was witnesses in both cases. This accelerated initial growth has also been observed in the case of nanometric silicon nanoparticles towards bacterial C. xerosis [18] .
Suspensions of ferrite nanoparticles (as cobalt-ferrite) have earlier reported to be probacterial in the case of C. xerosis and E. coli, yielding a growth curve placed well above the one obtained in their absence [3] . The interaction of the electrical polarity possessed by these particles was cited as the probable reason. Nonetheless, involvement of other factors such as paramagnetism and electrostatic charge, which can alter the bacterial motion through signal transduction mechanisms involving Che proteins [11] , cannot be ruled out. Recently, our group has also reported the enhanced biodegradation of powdered LDPE in the presence of 0.01% SPION and fullerene C-60 nanoparticles under in vitro conditions [6, 20] .
However, with reference to NBT, the present findings were in sharp contrast to earlier reports, where titanium nanoparticles [12] and nanotubes [10] , along with mixed composites like titania-nickel ferrite [17] and titaniasilver [8] , have been reported to be antibacterial. The growthaltering potential of SPION and NBT was harnessed in LDPE biodegradation assays, which illustrated λ-max shifts within 1 day of incubation as compared with the control assay, which took 3 days. This suggests changes in the polymer structure occurring faster in the presence of nanoparticles by the degradative action of the consortium.
The FTIR spectra illustrated substantial changes in the chemical structure of LDPE after biodegradation, including introduction of O-atoms as hydroxyl residues, which are responsible for providing solubility to the polymer. However, the influence of nanoparticles on biodegradation was obscure from the FTIR, as all the biodegraded samples (under in vitro and in situ conditions) produced more or less similar spectra. These findings were in contrast to the results obtained in the case of powdered LDPE, where significant changes in the IR fingerprint region were reported in samples degraded in the presence of NBT and fullerene-60 as compared with their absence [7, 20] . Significant shifts in the FTIR absorption frequencies of biodegraded LDPE and inclusion of hydroxyl (-OH) residues into the polymer backbone have also been reported in the case of various polymers like LDPE, HDPE, and epoxy, by different bacterial consortia [6, 14, 21, 22] . Moreover, shifts in the CH and C=O stretching frequencies in polycarbonate spectra have been reported, and attributed to biodegradation inflicted by Arthrobacter and Enterobacter species [4] . Deviations in CH 2 frequencies along with a reduction in carbonyl index (ca) have also been reported in the FTIR spectra of biodegraded LDPE by thermophilic bacterium Brevibacillus borstelensis [5] .
In the case of in vitro assays, comparative insights into the thermal profiles revealed that the consortium had imposed substantial biodegradation of the LDPE film, which was further enhanced in the presence of nanoparticles. Similarly, significant changes in the thermal profiles of biodegraded samples of LDPE, HDPE [21] , polycarbonate [4] , non-poronized and poronized LDPE [22] , epoxies, and their silicone blends [14] have been reported earlier from our group. In addition to multiple-step decompositions, the progress of thermal decomposition of biodegraded LDPE in the presence of nanoparticles was greatly recognized at the third step. LDPE degraded in the absence of nanoparticles depicted a DTG profile for the third-step decomposition at Conversely, in the case of in situ studies, no significant variations were observed in the progressive thermal profiles of degraded samples with respect to the undegraded control, owing to a difference in the nature of the samples analyzed. Whereas the former employed the dried form of biodegraded polymer that was supposedly dissolved into the minimal medium, the in situ experiment involved intact films as there were limitations in collecting the leached-out polymer from the soil. This suggests that biodegradation might be a surface-active process and does not directly affect the inner layers of the polymer film.
The ambiguity was cleared by SEM micrographs, which revealed a significant increase in surface dissolution in the presence of both the nanoparticles under in vitro and in situ conditions. However, the sites of microbial action on the LDPE film were random, which might be due to the nonuniform distribution of short branches in the polymer matrix as well as localization and initial attachment by the consortium. Moreover, in the case of in situ assays, it was revealed that the efficiency of biodegradation/surface dissolution increased following the formation of cracks, which increased the surface area and acted as pockets of microbial activity. This was evidenced by maximal deterioration of the film surface between two and three months in both the nanoparticle treatments.
The present study thus reveals that stable suspensions of SPION and NBT particles bring about an increase in the growth of an LDPE-degrading microbial consortium, which increases its biodegradation efficiency. The present investigation would therefore help to increase the efficacy of plasticwaste biodegradation and prove to be an important step in easing out the problem of white pollution.
